with LVEDV and ECV/TBW. Spectral power slope correlated positively with ECV/TBW (r = 0.27). Irregularity measures (MSE ApEn and MSE SampEn) correlated positively with LVEDV (r = 0.19 and 0.20). Conclusion: Non-linear HRV indices indicated an association between a deteriorated heart rate regulatory system and impaired cardiac function, fluid accumulation and poor physical condition.
fibroblast growth factor-23 [8, 9] and myocardial hypoperfusion [10, 11] during HD have been shown to be associated with left ventricular function and LVH [5, 12] . Besides structural cardiac abnormalities, reduced left ventricular ejection fraction (LVEF) has also been reported in a substantial percentage of HD patients [13] [14] [15] .
Disturbances of autonomic control of heart rate are common among HD patients, with sympathetic overactivity being the principal alteration [16, 17] . Cardiac autonomic function can be characterized through the analysis of the variability of the so-called RR time series, that is, the series of time intervals between consecutive R peaks (heart beats; RR intervals) measured by electrocardiogram (ECG).
Non-linear methods were proposed to investigate the heart rate variability (HRV) regulatory system from a more complex perspective. HRV is the result of a complex regulatory system related to the electrical depolarization of cardiac cells, which is primarily regulated by (1) the autonomic nervous system (2) the mechanical and functional properties of cardiac cells and (3) electrolytes acting on the refractory period of the action potential in the cardiac cells. Non-linear methods were proposed to characterize these properties of the cardiac regulatory system quantitatively from one of its measures, that is, the heart rate [18] .
Certain pathological conditions and aging are defined by the loss of complexity in the dynamics of the heart rate regulatory system [19] . In particular, diabetic patients often suffer from cardiovascular autonomic neuropathy, a pathology characterized generally by a reduced HRV.
In the general population, non-linear HRV indices are established to provide additional information to 'traditional' HRV indices and improve the ability to identify patients at high risk of cardiovascular death [19] [20] [21] . The diagnostic advantages of non-linear HRV indices suggest that they capture unique information. Comparisons of non-linear HRV measures between HD and healthy subjects [22] [23] [24] [25] have so far focused on their prognostic value.
In this work, we hypothesized non-linear HRV indices would correlate cross-sectionally with cardiac function, fluid overload and physical performance, and we examined correlations using all the subjects and also separately by diabetic status. To that end, we characterized nonlinear HRV measures in a large cohort of HD patients and explored their correlations with left ventricular mass (LVM), left ventricular end-diastolic volume (LVEDV), LVEF, extracellular volume (ECV)/total body water (TBW) ratio and self-reported physical performance.
Patients and Methods

Frequent Hemodialysis Network Daily Trial
The Frequent Hemodialysis Network (FHN) Daily Dialysis Trial (ClinicalTrials.gov#NCT00264758) was a multicenter randomized trial comparing conventional thrice weekly HD with short 6× weekly in-center HD. Study design with inclusion and exclusion criteria was described previously [26] . Patients were enrolled between March 2006 and May 2009, and the trial concluded in May 2010. The study was conducted in accordance with the Declaration of Helsinki and approved by the institutional review board at each participating site. An independent Data Safety Monitoring Board provided oversight of the trial.
Measurements
We determined LVM, LVEDV and LVEF by cardiac MRI at baseline. All MRI images were analyzed centrally in a blinded manner. A detailed explanation of the MRI methodology was recently published [1] . Holter ECG was recorded by the study staff using the KCI X5 digital Holter recorder (KCI Technology and Services, N.J., USA). Systolic and diastolic blood pressures were measured before HD by an automated oscillometric method.
We determined TBW, ECV, intracellular volume (ICV), phase angle and lean body mass based on anthropometric measures and single frequency (50 kHz) whole body bioimpedance analysis (BIA; RJL Systems, Clinton Township, N.J., USA). TBW and total body potassium content were calculated using polynomial regression modeling of bioimpedance-derived data [27] . ECV was calculated as the difference between TBW and ICV. Accuracy and precision of this BIA method was recently reported [28] . Residual renal urea clearance was determined based on 24-hour urine samples. The Physical Health Composite (PHC) and the Physical Functioning (PF) scores were assessed using the RAND short form (SF)-36 survey [29] .
HRV Analysis R-R time series were extracted from 24-hour Holter ECG recordings. QRS complexes were detected and classified with the Holter software CubeHolter (Cardioline S.p.A, Italy). Holter recordings shorter than 15 hours were excluded from subsequent analyses. Differences in time length may affect the estimation of long-term correlation indices, as well as artifacts (noise, detachment of electrodes, etc.) [30] .
ECG recordings can be corrupted by noise, which results in a failure of automatic classification system to detect the actual heart beat duration and is labeled as an unreliable measure (artifact). From the RR time series with sufficient length and less than 5% of RR intervals classified as artifacts, we measured the following non-linear indices: the slope of the de-trended fluctuation analysis (DFA) estimated with a linear de-trend and with a quadratic de-trend, the slope of the power spectrum at very low frequencies (spectral power slope (SPS)), the slope from the multiscale entropy (MSE) measured with two different entropy estimators (the approximate entropy (ApEn) and the sample entropy (SampEn)) and a global index of regularity estimated as the entropy value of the entire recording (ApEn and SampEn). Technical details are illustrated in the appendix.
Statistical Analyses
Descriptive statistics for continuous variables were summarized using mean ± SD or medians and 10th and 90th percentiles as appropriate. Categorical variables were summarized using fre-quencies and proportions. Demographic and non-linear HRV parameters were compared between diabetic and non-diabetic subjects using the Student's t test, the exact Wilcoxon signed rank test, the Chi-square or the Fisher exact test, as appropriate. The same comparisons were performed also between randomized and nonrandomized patient for completeness.
We derived correlations between the non-linear HRV parameters and (1) cardiovascular (LVM and LVEDV), (2) fluid status (ECV/TBW) and (3) self-reported physical health (PHC and PF) measures, according to a predefined analysis plan. As demonstrated previously, about correlation with age and pathology progression [31, 32] , we explored correlations with age and end-stage renal disease (ESRD) vintage also in our population. The significant correlation with self-reported physical health was further investigated with the correlation analysis among physical condition-related parameters (phase angle, lean body mass and ICV as assessed by BIA) as ancillary analyses. We examined correlations using all subjects (ALL) and separately by diabetic status (non-diabetics (ND) and diabetics (D)). We depicted associations using scatter plots with separate local regression curves for diabetics and nondiabetics and also calculated Pearson's and Spearman's correlation coefficients based on subjective assessment of influential data points.
Two-tailed p values <0.05 were considered statistically significant. Analyses were performed using SAS version 9.2 (SAS Institute, Cary, N.C., USA).
Results
We studied 210 patients with qualifying Holters, 176 of whom were eventually randomized into the FHN Daily Dialysis Trial. The subjects' baseline characteristics are illustrated in table 1 . Furthermore, they did not differ significantly between the patients who were eventually randomized (n = 176) and those who were not (n = 34). Table 2 reports the non-linear HRV parameters in the enrolled patients. The number of artifacts and unreliable RR intervals was 5% and deemed reasonable.
Cardiac MRI Parameters and HRV Indices
The two MSE slopes correlated significantly with LVEF by considering all patients and only non-diabetic patients. In non-diabetic patients, LVEDV correlated significantly with the two MSE slopes as well ( table 3 ), and Figure 1 depicts the relationship between LVEF and the MSE ApEn (ALL r = 0.27, p < 0.01; ND r = 0.26, p < 0.01; D r = 0.19, n.s.). In diabetic subjects, no significant correlations were found ( table 3 ) .
Fluid Status and HRV Indices
ECW/TBW showed a positive correlation with the SPS ( fig. 2 ) , while it inversely correlated with MSE ApEn and MSE SampEn, both considering all patients and only non-diabetic patients. An inverse relationship between ECV/TBW and MSE SampEn was also present in diabetic subjects ( table 3 ) . Figure 3 depicts the relationship between ECV/TBW and MSE ApEn (ALL r = -0.30, p < 0.01; ND r = -0.33, p < 0.01; D r = -0.18, n.s.). In diabetic subjects, no significant correlations were found.
Physical Condition and HRV Indices
PF and PHC showed positive correlations with MSE slope ApEn and MSE slope SampEn in the entire population and in non-diabetic subjects, but not in diabetic subjects ( table 3 ) . In particular, higher PF scores were associated with higher MSE slopes.
Non-linear HRV indices were also correlated with phase angle, lean body mass and ICV as assessed by BIA ( table 4 ) . Lean body mass showed significant inverse correlations with DFA and quadratic DFA in the entire population and in non-diabetic subjects and positive correlations with MSE slope ApEn and MSE slope SampEn in diabetic subjects ( table 4 ) . ICV associated inversely with DFA and quadratic DFA in the entire popu- lation and in non-diabetic subjects. Positive correlations were found between ICV and MSE slope ApEn and MSE slope SampEn for both diabetic and non-diabetic subjects ( table 4 ) . Finally, phase angle showed positive correlations with MSE slope ApEn and MSE slope SampEn ( table 4 ) .
Additional Correlations
Additional analyses of the relationships between nonlinear HRV parameters and age and ESRD vintage, respectively, showed significant correlations ( table 5 ) . In non-diabetic subjects and for the entire population, age positively correlated with SPS and ApEn and inversely correlated with MSE slope ApEn and MSE slope SampEn ( table 5 ) . In non-diabetic subjects, DFA and quadratic DFA correlated positively with ESRD vintage, while in diabetic subjects only MSE slope ApEn and MSE slope SampEn correlated significantly with ESRD vintage ( table 5 ).
Discussion
In this, to date, largest assessment of non-linear HRV parameters in HD patients, we characterized 210 of the FHN Daily Trial subjects. This allowed direct comparison to general population data and to individuals suffering with cardiac disease. We found significant correlations between non-linear HRV parameters and (1) cardiac parameters, (2) biomarkers of fluid overload and (3) indicators of self-reported physical functioning.
Cross-Sectional Evaluation
The 210 HD patients showed an ApEn of 0.91 ± 0.37, a DFA of 1.07 ± 0.07 and a power slope of 1.32 ± 0.22 ( table 2 ). These values are comparable with values reported in the literature for other cardiovascular populations. Bigger et al. [20] reported a lower power slope of 1.06 ± 0.12 in 274 healthy subjects in the same age group. Pikkujämsä et al. [33] reported an ApEn of 1.01 ± 0.16, a DFA longterm scaling exponent (α 2 ) of 1.07 ± 0.07 and a power slope of 1.32 ± 0.14 in 29 healthy 40-to 60-year-old subjects.
The trend of reduced HRV among those with more severe comorbid conditions is corroborated by increased power slope among patients with a myocardial infarction (power slope = 1.15 ± 0.19 (n = 715)) and those monitored after a cardiac transplant (power slope = 2.08 ± 0.22 (n = 19)) [20] .
Earlier work in 54 HD patients by Fukuta et al. [22] showed a lower ApEn (0.93 ± 0.18) and a larger of DFA (α 2 ) 1.14 ± 0.07 with respect to that of healthy control subjects.
The comparison with literature suggests that the complexity loss of heart rate regulatory system is also present in ESRD, and it is associated to the worsening of cardiac function/pathology, this reinforces our hypothesis that non-linear HRV indices should have a similar relationship in HD population also. Correlational Analysis HD patients showed significant correlations between non-linear indices and cardiac MRI measures, fluid status and physical condition. MSE slope ApEn and MSE slope SampEn correlate positively with LVEF (r = 0.26 and r = 0.23, respectively) while both parameters correlated inversely with LVEDV. The directions of the trends are in agreement with the trend obtained by Costa et al. [34] , where the majority of congestive heart failure patients had negative slopes on short scales. A reduced LVEF and an increased LVEDV are both signs of a compromised cardiac functionality. For example, a greater end-diastolic volume results in a greater distention of the ventricle, that is, an increase in preload. If such an abnormal condition prolongs for a long time, it can cause or contribute to the clinical syndrome of heart failure with a normal LVEF, namely diastolic heart failure [35] . Lombardi et al. [36] reported associations between linear and non-linear dynamics with LVEF.
We also found positive correlations between ApEn and SampEn with LVEDV, suggesting increased entropy with increased LVEDV. Similarly, fluid overload, quantified as ECV/TBW, showed an inverse relationship with MSE slope ApEn and MSE slope SampEn and a positive relationship with SPS ( table 2 ) . This is consistent with the study by Ferrario et al. [37] who showed decreased HRV entropy in fluid-overloaded subjects and with earlier work among congestive heart failure subjects whose condition may have resembled those affected by fluid overload [20, 38] .
Age and HD vintage correlate with various HRV parameters ( table 4 ) . This coincides with earlier reports [20, 33, 39, 40] and reflects a progressive loss of entropy at older age ( table 5 ) . To the best of our knowledge, no data on the relationship between ESRD vintage and HRV have yet been reported. The reason for this loss of HRV remains speculative, but progressing uremic neuropathy [41] or consequences of longstanding repeated myocardial stunning [10] may be involved and could represent an exciting new field of study in the context of myocardial compromise during dialysis treatment.
To the best of our knowledge, relationships between non-linear HRV and self-reported physical functioning and indicators of body composition have not been explored previously. The positive relationships between MSE slope ApEn and MSE slope SampEn, respectively, and PF and PH, have the same trends as for LVEF and clearly underline the relevance of these parameters ( table 4 ) . Accordingly, the correlations between phase angle, lean body mass and ICV (a correlate of muscle mass) with the HRV parameters suggest the benefits of a good nutritional status in this population where chronic inflammation and malnourishment is highly prevalent.
Our analysis of non-linear HRV indices supports an association between the worsening of the heart rate regulatory system and the worsening of cardiac function, fluid accumulation and physical condition. Furthermore, our data suggest these indices as useful parameters for decision support systems to identify worsening conditions of heart functionality and patients at elevated risk of death. We believe this will be a promising field of research in dialysis patients.
